Mutants of Saccharomyces cerevisiae that are derepressed for meiosis and spore formation have been isolated and characterized genetically. All are the result of single, recessive nuclear mutations that fall into four linkage groups. Three of these groups are represented by spdl, spd3 and spd4 mutations, which in homozygous diploids confer poor growth and extensive sporulation on a range of non-fermentable media. Haploids carrying any of these mutations are arrested under these conditions in the G 1 phase of the cell division cycle as large unbudded cells. The alleles of the spd2 mutation complemented all other mutations but were very closely linked to the spdl locus. The fourth linkage group was represented by a mutation conferring temperature-sensitive growth and derepressed sporulation on homozygous diploids grown between 25 "C and 30 "C on media containing galactose or glycerol, but not glucose, as energy source. Above 30°C this mutant lysed on all media. The mutation it carried failed to complement available cdc25 mutations. These data bring to five the number of loci at which mutation can lead to derepressed sporulation (spdl, spd3, spd4, cdc25 and cdc35) . The spdl locus has been mapped 13-9 cM to the left of the centromere on chromosome XV, adjacent to the SUP3 gene. Diploid strains homozygous for spd mutations are genetically unstable, giving rise to asporogenous mutants at high frequency, usually as the result of a second mutation unlinked to the spd mutation. Diploids homozygous for these mutations, and for spd mutations, show an altered regulation of the formulation of at least three polypeptides normally subject to carbon source repression. Abbreviation: ts, Temperature sensitive. MATa gal-IOU SUC ma1 hiss'-u trpl ura.2 adeS. 7-14? leul-u lysl ilol can1 MATa gal-7 sits ma1 hisS-u met8 IeuY-u lys1'-u SUP76 MATa gal-5 suc ma1 ural ad46 leu+-u lys1'-u ilvl SUP85 MATa adel gall leu1 his2 ura3 trpl met14 MATa leu2 his.? hird ilv3 met14 pet8 pet19 radl MAT. adel gall trpl his2 hrr6 arg4 asps pet17 aro7 cdcl4 -----_ _ -used Sourcet H. 0. Halvorson Construction B. Cox Cold Spring Harbor
INTRODUCTION
To analyse the molecular mechanisms controlling the switching of yeast cells from the mitotic cell division cycle to meiosis and spore formation, it is an advantage to have mutants affected in the initiation of sporulation. Mutants unable to complete sporulation have been obtained (Esposito & Klapholz, 1981) but in most of these the lesion affects a later stage of development and it is difficult to recognize any that is affected in initiation. Another approach is to select mutants in which sporulation is derepressed, since these are most likely to be affected in the process of initiation. Such mutants must be in some sense conditional, since sporulating cells do not contribute to population growth. Mutants of Saccharomyces cerevisiae that are derepressed for sporulation have been isolated directly (Dawes, 1975) or have been recognized amongst temperature-sensitive (ts) cell division cycle mutants (Shilo et al., 1978) .
The initial mutants selected directly for derepressed sporulation are conditional in their response to nutritional conditions and they appear to have lost some of the nitrogen source repression of sporulation ; they remain subject to glucose repression. The derepressed phenotype is most clearly expressed in media containing acetate, glycerol or pyruvate as carbon source, and under these conditions the mutants are arrested in the G 1 phase of the cell cycle. A more detailed account of the physiology of mutants carrying the spdl mutation has been given by Vezinhet et al. (1979) . Since the initial isolation of derepressed mutants, many more have been obtained and more genetic loci concerned with the initiation of sporulation have been identified. Here, these mutants have been characterized genetically and the relationship between the spd and cdc mutations affecting initiation has been described. 4049-3D 4622-4C X2928-3D( 1 A ) X3 104-8C X 3 3 8 2-3 A Table 1 . Genotypes and sources of important strains Genotype* Q Strain 88 was used in construction of ural spd mutant strains derived from including 93, 95, 97, 101, 104, 106. 1 Carries spdl-4 allele as well which was transferred to strain 47 by a cross to $341. ll Carries a strong allele of spdl in addition to above genotype.
METHODS

Organisms.
The main strains used are outlined in Table I . Strains 482-25 and 1403-7A were kindly supplied by Dr N. Eaton who isolated them after selecting for spores produced in the presence of glucose. The homothallic strain S41 was used as parent in isolating derepressed sporulation mutants.
Media. Complex media contained (I-'): yeast extract (10 g), peptone (20 g) and the carbon source specified (YEPD, 20 g glucose; YEPA. 20 g potassium acetate; YEPGal, 20 g galactose; YEPG, 30 ml glycerol; YEPE, 20 ml ethanol). Defined media contained (1-I ) : Difco yeast nitrogen base without amino acids or ammonium sulphate (1.7 g), carbon source (20 g), nitrogen source (ammonium sulphate, 5 g; or urea, 3 g; or sodium Lglutamate. 5 g) and appropriate supplements. Plates were solidified with agar (2%, w/v). Sporulation media have been described previously (Dawes et al., 1980) .
Mufagenesis.
Since sporulation is only expressed in diploids, or cells of higher ploidy, that are heterozygous for the mating type alleles, the isolation of recessive mutations required techniques whereby induced mutations become homozygous. Two methods were employed. Initially that of Esposito & Esposito (1969, 1975) was used : sporulated cultures of a homothallic diploid were treated with pradiation from a boCo source to 1 % survival, and the surviving spores were germinated to allow expression of mutations, homothallic switching of mating type and self mating to occur. Mutagenized spores were incubated with shaking in YEPD medium until an obvious increase in culture turbidity had occurred before transferring the cells to appropriate media for mutant isolation. This method was only suitable for mutagenesis by ultraviolet-or pradiation, since chemical mutagens were unable to affect spores.
For ethyl methanesulphonate (EMS) mutagenesis, vegetative cultures of the homothallic diploid S41 were grown in YEPA, with shaking, to a turbidity of 1 at 600 nm and treated with EMS, as described by Henry & Keith (1971) . Treated cells were resuspended in YEPA medium at a turbidity of 0.5 and incubated until the turbidity had increased to about 1. The cells were then sporulated (Fast, 1973) to allow segregation of mutations, and the spores were stored at 4 "C in distilled water.
Isolation of derepressed mutants. In all cases the selection procedure was designed to isolate ts mutants that sporulated under conditions allowing growth of the wild-type. Several protocols were used, differing in the media Derepressed sporulation mutants of yeast 607 employed. Mutants 54 (formerly lD15D), 45 (formerly 1D19D), 46,47 and 48 were isolated by a recycling method described previously (Dawes, 1975) following yray mutagenesis. Strains L4, L11 and 93 to 106 were obtained after EMS mutagenesis by resuspending the spores from mutagen-treated cultures in YEPD and shaking overnight to 25 "C. The cells were resuspended in defined medium containing galactose, ammonium sulphate and L-arginine (50 mg 1l ) and incubated at 25 "C for 10 h to allow adaptation to the medium. They were then transferred to the same medium, lacking arginine, and incubated at 34 "C for about 30 h before treating them with ether to select spores (Dawes & Hardie, 1974) . Arginine was omitted in this step to avoid extensive growth of the present strain while the mutants formed spores. Ether-treated cultures were plated on YEPD agar and incubated at 25 "C. Colonies were replicated to two sets of galactose/ammonium sulphate defined medium containing arginine. One set was incubated at 25 "C, the other at 34 "C, and all colonies showing poor growth on either or both plates were examined for the appearance of asci after 2 d incubation (34 "C) or 4 d incubation (25 "C). Mutant strains tsA, tsB and tsC were isolated by a similar procedure, except that ammonium sulphate was replaced by L-glutamate, which represses sporulation to a lesser extent. Genetic analysis. Standard genetic techniques were used where possible for mating, sporulation, dissection and detection of auxotrophic requirements (Sherman, 1969; Mortimer & Hawthorne, 1975) . Construction of heterozygous diploid strains from homothallic diploid parents carrying complementing auxotrophic markers was done by mixing spores of each strain on YEPD agar, and after overnight incubation replicating to selective medium. Since the parents were diploids, it was important to streak for single colonies on the selective medium to avoid contamination with either parent in subsequent complementation or dissection analysis.
Complementation tests were done by crossing spores of each mutant to those of a suitably marked, normally sporulating homothallic diploid to form homothallic heterozygous diploids which on sporulation and dissection gave mutant strains carrying complementary sets of auxotrophic markers. These strains were used in spore crosses to construct appropriate strains for normal complementation tests.
For meiotic mapping it was found most convenient to construct sets of homothallic diploid strains carrying as many centromere-linked markers as possible and to use these as parents in spore crosses with the homothallic diploid mutant strains. Spore progeny from these crosses all yielded diploids homozygous for all markers except the mating type loci. These diploids could be scored directly for sporulation markers. Random spore mapping of the spdl gene, adjacent to the SUP3 locus, was done by constructing the heterozygous diploid spdl/SPDl sup-3/SUP3 cunl-Z00/canl-l00. After sporulation, spores were selected by ether treatment and plated on complete medium containing L-canavanine sulphate (80 pg mll). Since SUP3 suppresses the canl-100 mutation, only haploids carrying sup3 could grow and these were scored for the presence of spdl by replica-plating on YEPG plates on which spdl strains grew very poorly.
Preparation of cell extracts. Extracts for polyacrylamide gel electrophoresis were prepared from 1 litre cultures grown at 30 "C with shaking to a turbidity of 1 (600 nm) on YEPD, YEPGal or YEPE. Cells were harvested (5000g; 10 min), washed at 0 "C with 50 ml breakage buffer (0.1 M-Tris/HCl, 0.01 M-Na,EDTA, pH 7.4), resuspended in twice the cell pellet volume of the same buffer and stored at -80 "C. Cell suspensions were thawed, and immediately prior to cell breakage were made 2 mM with respect to phenylmethylsulphonyl fluoride from a 100 mM stock solution in ethanol. Cells were broken by agitating the suspension (3 ml) with an equal volume of acid-washed glass beads (40 mesh) for 35 s in a Braun homogenizer at the higher speed setting. The glass beads were removed by centrifuging the extracts through a stainless steel screen, and unbroken cells were removed by centrifuging the extracts at 5000 g for 2 min. For soluble proteins, extracts were centrifuged at 150000 g for 1 h at 4 "C and the supernatants stored at -80 "C.
Preparation of mitochondria. Mitochondria were prepared from 2 litre cultures grown on either YEPGal or YEPE to a turbidity of about 4 at 600 nm, by the method of Linnane & Lukins (1975) in which protoplasts were formed using crude 8-glucuronidase (Sigma) and the final purification step involved 20-70% (w/v) sucrose gradient centrifugation.
Polyacrylamide gel electrophoresis. Cell extracts were adjusted by dilution with breakage buffer to give the same absorbance at 260 nm. Samples were prepared by mixing 0.5 ml of cell extract with an equal volume of twiceconcentrated sample buffer and immediately heating to 100 "C for 2 min. Electrophoresis was carried out on 7 to 15% (w/v) acrylamide gels (after Laemmli, 1970) . Gels were fixed in 10% (w/v) acetic acid and stained with Coomassie brilliant blue R.
RESULTS
Isolation and characteristics of derepressed sporulation mutants
Since initiation mutants derepressed for sporulation must be in some sense conditional, several methods were used to select~them, all aimed at obtaining ts mutants. However, in all except three cases, the mutants isolated were not ts for either growth or sporulation, but they 1. W . D A W E S A N D G . R. C A L V E R T Table 2 . Growth and sporulation of temperature-sensitice derepressed strain tsC on uarious media at different temperatures Growth was scored on plates incubated at the temperature indicated, and was assessed relative to the wild-type strain S41 under same conditions: + +, similar growth; +, reduced growth; -, no growth.
Percentage sporulation at 48h given in parentheses; under all of the above conditions the wild-type had not sporulated. 
Growth and percentage sporulation on: T a p e m t u n
* Galactose minimal medium with glutamate as nitrogen source and L-arginine supplement.
t In a shift experiment, cells growing on GALG liquid medium at 25 "C lysed when transferred to 30 "C.
hypersporulated on most media, including rich media with acetate, glycerol, pyruvate or lactate as energy source. On glucosecontaining media they grew, but they sporulated extensively in the starvation phase. Sixteen mutants were obtained by direct selection, one further mutation (in strain 47) was originally identified in strain CH17-3C from F. Zimmerman, and two others were found in haploids supplied by N. Eaton, who selected a strain sporulating in the presence of glucose (N. Eaton, personal communication). All of the derepressed mutants listed in Table 1 were crossed (as spore crosses for homothallic strains) to spores of a wild-type homothallic diploid and on dissection 2 : 2 segregation of derepressed : wild-type spores was noted in all cases, and hence each was the result of mutation in a single nuclear gene. The strains differed in the extent of derepression on different media; strains 54, 46, 95 and 104 were among the more strongly derepressed.
The phenotype of these mutations was most readily scored on YEPG plates, on which diploid mutants grew very poorly, arresting in the cell division cycle as large unbudded cells with a characteristic bright 'golden' appearance under the phase-contrast microscope and extensively forming asci within 30 h incubation. On a wide range of media, all of the derepressed strains, except the temperature-sensitive strain tsC, showed similar growth and sporulation responses as those shown by strain 54 (formerly described as ID16D, Vezinhet et a [., 1979) . Additional characteristics that have been noted include the inability of these mutants to reduce tetrazolium dye under any conditions (Calvert & Dawes, 1984 ) and a decreased sensitivity of sporulation to repression by N H, + in acetate media. The growth and sporulation characteristics of the ts strain tsC are summarized in Table 2 , from which several points should be noted. Strain tsC was ts for growth on the media tested, but the temperature at which growth was just permitted varied with the composition of the medium. It sporulated extensively at temperatures in the range of 25 "C to 30°C provided that glucose was absent, but at temperatures above 30°C the strain did not sporulate but lysed instead. Strains tsA and tsB at the permissive temperature had similar growth and sporulation characteristics to all of the other mutants.
Dominance and complementation tests
The dominance relationships of all the mutations were established by testing heterozygous diploids (formed from the cross to wild-type strains) for growth and sporulation on YEPG. In all cases the mutants were the result of single recessive nuclear mutations; some mutations were not completely recessive since heterozygous diploids often sporulated to a slightly greater extent (about 10-20%) than the wild type (5-10%) on YEPG medium.
Complementation tests were done on most of the available mutations, and from the data obtained (Table 3) there were five complementation groups. The non ts mutants fell into four groups, identified as spdl to spd4, as indicated in Table 3 . Of the ts mutants, those in tsA and tsB Table 3 
. Complementation data for derepressed mutations
The numbers refer to strains in which independent mutations were first characterized. These strains were crossed (as spore progeny) to others carrying suitable auxotrophic markers, and by dissection a set of strains for constructing diploids heterozygous for pairs of spd mutations was obtained. Heterozygotes were tested for growth and sporulation on YEPG plates; a minus sign indicates lack of growth accompanied by extensive sporulation, and therefore a failure of the two mutations to complement. For crosses involving the three ts mutations, heterozygotes were also tested for growth on YEPD plates at 33 "C. 
spdl-1 ~p d l -2 ~p d l -3 spd 1-4 spdl-5 ~p d l -6 spdl-7 spdl-8 ~p d l -9 spdl-I0 ~pd2-I ~pd2-2 ~pd2-3 ~pd3-I ~pd3-2 ~pd4-1 cdc25
- failed to complement each other and also that in the only available spd2 strain; that in tsC complemented all others tested in this group but failed to complement the cdc25-2 mutation.
Linkage relationships of derepressed mutations
By dissection of appropriate heterozygous diploids the spdl, spd3 and spd4 mutations were found to be unlinked, whereas spdl-1 and spd2-1 and the mutation in strain tsA (spd2-2) were so closely linked that only parental ditypes were obtained on dissection of 12 tetrads for the spdl I / spd2-1 heterozygote and 15 tetrads for the spdl-llspd2-2 heterozygote. Random spore analysis of linkage between spdl-1 and spd2-1 was attempted, but the results were difficult to interpret since the frequency of mutation to extragenic suppressors was very high. It is quite likely that these mutations represent a single complex locus whose description awaits the isolation of many more mutations and a detailed fine structure analysis. Therefore only four loci affecting initiation are certainly identified by the mutants obtained in this study: spdl, spd3, spd4 and cdc25.
The spdl mutation was found to be centromere-linked, which facilitated mapping. It was located on the left arm of chromosome XV, showing 26.4% second division segregation. Linkage of spdl to pet1 7 and SUP3 was established by tetrad analysis (Table 4 ). Scoring crosses carrying SUP3 and pet17 for the spdl marker was difficult since pet17 diploids do not sporulate, SUP3 can seriously impair sporulation (Rothstein et al., 1977) and growth on YEPG plates is prevented or impaired by each of the three mutations. However, close linkage to SUP3 was confirmed by random spore analysis using cad-100 homozygous diploids as described in Methods. Of 126 sup3 haploids tested from the cross of an spdl sup3 haploid to an SPDl SUP3 strain 123 were spdl as well. These data have been used to locate the spdl mutation 13-9 cM to the left of the centromere on chromosome XV, very close to SUP3 (Mortimer & Schild, 1980) . 1. W. DAWES AND G . R. CALVERT 
Relatwnship between derepressed sporulatwn mutations and the cdc mutations aflecting initiation
Simchen and his colleagues have shown that diploids homozygous for the cdc25 and cdc35 mutations show a form of derepressed sporulation after a shift to the restrictive temperature (Shilo et a!., 1978) , and that diploids homozygous for a cdc28 mutation (which leads to cell division cycle arrest at the point at which initiation of the mitotic cell division process is thought to occur; Hartwell, 1974) are defective in initiation of sporulation at temperatures permitting growth.
The possibility that some spd mutations may occur in cdc genes was therefore tested by tetrad analysis of diploids heterozygous for one mutation each from the spd and cdc groups. Results indicated that there was no linkage between any of the spd mutations and cdc25, cdc35 or cdc28.
In the course of these dissections a number of diploids homozygous for cdc28-I were constructed. While some of these strains spodated less well than wild-type strains at 30 "C on sporulation agar, many were barely distinguishable from the wild-type in their ability to sporulate. This was checked by using diploids homozygous for the cdc28-15 mutation, and again these were capable of sporulating at temperatures up to 34"C, which is the maximum for sporulation in wild-type diploids. Diploids homozygous for both spd and cdc28 mutations were derepressed for sporulation. Since both alleles of cdc28 tested do not lead to impaired growth at 34 "C it was not possible to determine directly the effect on sporulation of completely blocking the CDC28 gene function; in our hands no serious impairment of sporulation by cdc28 mutations at permissive temperatures has been consistently observed.
Instability of derepressed spoorulatwn mutants
Diploids homozygous for spd mutations were found to show very high frequencies of reversion with respect to their ability to grow on fermentable energy sources. For strain 54, homozygous for spdl-1, there was one 'revertant' per 3 x lo* cells of an early stationary phase culture grown on YEPD. Similar frequencies were found with the homozygous spd3-1 diploid strain 95 and the homozygous spd4-2 diploid strain 104.
Many of these spontaneously derived mutants were impaired in their ability to sporulate in any media, and they were therefore not true revertants for the derepressed phenotype. Most of these showed abnormal morphology under starvation conditions and gave brown colonies after extended incubation on YEPD plates. Some spontaneous 'revertants' selected for their ability to grow on YEPG could sporulate, but on dissection gave Mendelian segregation of derepressed and asporogenous strains and the asporogenous strains displayed the aberrant morphology of the other 'revertants'.
These events were therefore the result of spontaneous mutations to asporogeny (spo50,51,53) occurring at loci distinct from the spd loci. They are discussed in more detail in an accompanying paper, since they probably identify further genes that are concerned with the initiation of sporulation; the possibility that spd mutations are all nonsense mutations and these second mutations to asporogeny are nonsense suppressors has been ruled out (Calvert & Dawes, 1984) .
Altered protein composition of initiation mutants
The spdl mutation may be in a nuclear gene affecting a mitochrondrial function not needed for sporulation but required for growth on most non-fermentable carbon sources (Vezinhet et al., 1979) . Therefore the pattern of polypeptides produced in mitochondria of the wild-type (S41), of a diploid homozygous for spdl (54) , and of a diploid homozygous for a mutation, spo50, that confers asporogeny and suppresses the spdl mutation, were compared in cultures grown on YEPGal and YEPE. Both of these substrates support growth of derepressed strains; galactose leads to partial derepression of mitochondria and ethanol to full derepression.
SDS-polyacrylamide gel electrophoresis indicated that several polypeptides differed between the three strains. One main difference was in a mitochondria1 polypeptide of molecular weight about 47000. This was produced in galactose-grown cells only by the spdl-1 strain, but was derepressed in the wild-type grown on ethanol. It was not detected in the spo50 strain under either condition of growth. This difference between the strains was not, however, restricted to mitochondrially-located polypeptides, since the 20000 g supernatants of cell extracts remaining after sedimentation of mitochondria also showed protein differences when the above strains were compared. The main difference was in a cytoplasmic polypeptide of molecular weight 21 OOO, which, with at least one other of molecular weight 15O00, was also present in galactosegrown cells of diploids homozygous for the spdl, spd3 and spd4 mutations. These two polypeptides were not made in the spo50 diploids grown under any conditions, nor were they present in any strain grown on glucose, but they were found in the wild-type grown on ethanol. It appears that their formation is subject to carbon source repression which is partially relieved in spd mutants, but which is more extreme in spo50 mutants.
DISCUSSION
Mutations derepressing sporulation in yeast are most probably affected in the mechanism that switches cells from the mitotic cell division cycle to the developmental pathway of meiosis and sporulation. They should, therefore, be in some sense cell division cycle mutations, affecting whether the cell continues a further mitotic cell division or not. Since the developmental process of sporulation and conjugation can only be initiated within the G1 phase of the mitotic cell cycle (Hartwell, 1974; Shilo et al., 1978; Simchen, 1978) , derepressed sporulation mutants should arrest in the cell division cycle in the G1 phase.
So far five genetic loci (spdl, spd3, spd4, cdc25 and cdc35) at which mutations leading to derepressed sporulation in homozygous diploids, and G 1 cell cycle arrest in haploids, have been identified (for cdc25 and cdc35 see Shilo et al., 1978) . It is possible that there are further loci at which mutations can derepress sporulation; however, it is unlikely that there are many more since the spd mutations arise rarely, even after mutagenesis and the use of ether selection, which is capable of detecting one spore in lo5 vegetative cells. The majority of mutations isolated to date are alleles of the spdl locus, and these give in general the strongest derepression of sporulation. The temperature-sensitive derepressed mutant (tsC) carrying a cdc25 mutation proved interesting since, on appropriate media, sporulation was only derepressed at an intermediate range of temperatures (25-30 "C). Above 30 "C the cells neither divided nor sporulated but lysed instead. One possible explanation of this phenotype is that the product of the CDC25gene is required for cell survival as well as growth. At temperatures above 25 "C the activity of this gene product is impaired such that the cells survive but sporulation is triggered, until at 30 "C the gene product is inactivated and the cells die. This would be expected if cells assess their I . W. DAWES A N D 0 . R. CALVERT nutritional status by monitoring the concentration of an essential metabolite before committing themselves to a further division cycle. If the concentration of this component is reduced by a change in nutritional conditions (or by mutation), meiosis and sporulation are induced. On this basis, cdc25 (and possibly cdc35) mutations affect an essential pathway generating this metabolite, whereas the spd mutations affect another pathway that is only essential if the cells are grown on substrates other than glucose or ethanol.
Other explanations could be given; for example, the spd and cdc mutations may affect regulatory genes that control cell division and/or initiation of meiosis (under conditions in which glucose repression is not operating). To date there is no evidence to support this view, such as the existence of (cis) dominant mutations affecting initiation, and many of the characteristics of the derepressed strains (e.g. inability to reduce tetrazolium dye; response to different nutritional conditions) are most readily explained in terms of a metabolic defect. The spd mutations do, however, act in a regulatory way in that they affect the control of the formation of several polypeptides in the cell, at least two in the cytoplasm and one located in the mitochondrion.
Regardless of mechanism, the products of the SPDZ, SPD3, SPD4, CDC25 and CDC35 genes act in a positive way in the wild-type cell to promote cell division and hence act negatively on sporulation, since the mutations leading to derepression of sporulation and cell cycle arrest are all recessive.
One interesting aspect of the spd mutation is the high frequency with which apparent revertants arise. In these, the 'reversion' is often due to a second, unlinked mutation to asporogeny (spo) that is epistatic to the spd mutation, and that enables the double mutant to grow on the same range of substrates as the wild-type. The frequency with which these spontaneous mutations arise is probably too high for them to have resulted from a straightforward mutational event, and hence some other genetic mechanism may be operating. These spo mutations are likely to affect the initiation of sporulation. They have a highly pleiotropic phenotype and are discussed in more detail in an accompanying paper (Calvert & Dawes, 1984) .
